Abstract: The purpose of this study was to compare renal cyst pseudoenhancement between virtual monochromatic spectral (VMS) and conventional polychromatic 120-kVp images obtained during the same abdominal computed tomography (CT) examination and among images reconstructed using filtered back projection (FBP), adaptive statistical iterative reconstruction (ASIR), and model-based iterative reconstruction (MBIR).
INTRODUCTION
A critical diagnostic criterion for differentiating a solid renal mass from a benign cyst is the presence of enhancement after intravenous contrast administration. [1] [2] [3] [4] [5] In computed tomography (CT), an increase of the density by at least 10 Hounsfield units (HU) in a renal lesion has been proposed to suggest enhancement and to indicate a solid renal mass. [1] [2] [3] [4] [5] However, although simple cysts are not enhancing, attenuation increase may erroneously suggest enhancement, particularly in the case of small renal cysts, because of pseudoenhancement and partial volume averaging. [4] [5] [6] [7] [8] [9] Renal cyst pseudoenhancement refers to artifactual increase in the attenuation of a simple renal cyst following contrast material administration, even after removal of the effects of partial volume averaging. [4] [5] [6] [7] [8] [9] Pseudoenhancement is thought to be a consequence of the beam-hardening effect of the enhancing renal parenchyma combined with inadequate correction. data acquisition with a single tube and a single detector, 11 and provides virtual monochromatic spectral (VMS) images. As compared to the widely used polychromatic imaging (ie, 120 kVp), VMS images reconstructed with more accurate beam-hardening correction using 2 basis materials (water and iodine) provide improved linearity of the CT attenuation. [11] [12] [13] [14] [15] [16] [17] [18] Although VMS images showed a lower degree of pseudoenhancement of renal cysts than 120-kVp images in a phantom study, 19 to the best of our knowledge, no clinical study to date has compared renal cyst pseudoenhancement between VMS and conventional polychromatic 120-kVp imaging obtained simultaneously in the same patients. Furthermore, no clinical study has assessed the effect of the iterative reconstruction (IR) technique on renal cyst pseudoenhancement.
The purpose of this study was to compare renal cyst pseudoenhancement between VMS and conventional polychromatic 120-kVp images obtained during the same abdominal CT examination and among images reconstructed using filtered back projection (FBP), adaptive statistical iterative reconstruction (ASIR), and model-based iterative reconstruction (MBIR).
METHODS

Patients and Renal Cysts
This prospective study was conducted with the approval of our institutional review board, and written informed consent was obtained from each of the patients. From August 2011 to September 2011, 36 consecutive patients who met the following inclusion criteria for the study were recruited: age equal to or greater than 55 years, known to have renal cysts, and scheduled for unenhanced and contrast-enhanced abdominal CT as part of clinical standard of care on a specific scanner. Patients were excluded if they were younger than 55 years, were pregnant, potentially pregnant or lactating, had any contraindication to administration of iodinated contrast material, such as a previous history of anaphylactoid reaction, had renal failure (serum creatinine level >2.0 mg/dL [177 mmol/L]) or did not provide written informed consent; 5 of the 36 patients did not wish to participate in the study and refused to provide informed consent. Therefore, images from the remaining 31 patients (19 men, 12 women; age range, 59-85 years; mean age, 73.2 AE 5.5 years) were finally included in the analysis. The clinical indications for routine standard-of-care CT in the subjects of this study were staging or restaging of known malignancy (n ¼ 29) and suspected malignancy (n ¼ 2). Fifty-one renal cysts (maximal diameter, 18.0 AE 14.7 mm [range 4-61 mm]) were identified in the research images described below, by interpretation of both the standard-ofcare and research images. Proof of renal cysts was based on the lesions showing no change in size as compared to that in the previous or subsequent CT examinations; the follow-up periods were 807.5 AE 237.2 days (range, 385-1279 days). The 51 renal cysts were further classified according to the percentage of the cyst perimeter surrounded by the renal parenchyma (<25%, 13 renal cysts; 25% to 50%, 11 renal cysts; 51% to 75%, 9 renal cysts; >75%, 18 renal cysts), as described previously, 2,5 as a variable representing the relationship to the renal parenchyma. The heights and weights of the patients were measured, and the body mass index (BMI) was calculated (weight in kilograms divided by height squared in meters).
Imaging Protocol
First, a clinically indicated standard-of-care unenhanced abdominal 120-kVp CT including the level of the liver and kidneys was performed using the Discovery CT750 HD scanner (GE Healthcare, Waukesha, WI) under the following scanning parameters: tube current, 480 mA; detector collimation 0.625 Â 64 mm; rotation speed, 0.5 seconds; pitch factor, 1.375; volume CT dose index, 13 mGy; scan field of view (FOV), 500 mm. Then, a clinically indicated standard-of-care portal-dominant phase contrast-enhanced abdominal CT examination was performed, 70 seconds after the injection of iohexol (Omnipaque 300; Daiichi-Sankyo, Japan) at the dose of 2.0 mL/kg using a power injector at the rate of 2 mL/s via the median cubital vein. Subsequently, 90 seconds after the administration of the contrast medium (nephrographic phase), sequential fast kVp-switching dual-energy (80/140 kVp) and singleenergy (120 kVp) enhanced abdominal CT (or sequential singleenergy and dual-energy CT) were performed for research purposes during a single breath-hold over a 10-cm scan length at the level of the kidneys, using a random acquisition order to avoid contrast enhancement bias caused by delay in scanning after the start of the injection. The interval between the start of the 2 research scans was 4.5 seconds, which was the minimum setting. The other scanning parameters for fast kVp-switching between 80 and 140 kVp were as follows: tube current, 630 mA; detector collimation 0.625 Â 64 mm; rotation speed, 0.5 seconds; pitch factor, 1.375; volume CT dose index, 13 mGy; scan FOV, 500 mm. The other scanning parameters for 120-kVp single-energy CT were as follows: tube current, 480 mA; detector collimation 0.625 Â 64 mm; rotation speed, 0.5 seconds; pitch factor, 1.375; volume CT dose index, 13 mGy (the same as those for dual-energy CT); scan FOV, 500 mm. We therefore had 3 raw data files (unenhanced 120-kVp CT, fast kVp-switching dual-energy contrast-enhanced CT in the nephrographic phase, and 120-kVp single-energy contrast-enhanced CT in the nephrographic phase) at the level of the kidneys for all the patients. The effective dose estimate for the 2 research scans was 6.8 mSv, which was determined based on the dose length product measurements and previously reported appropriate normalized coefficients for abdominal CT (0.015 mSv/ [mGy cm]). 20 
Image Reconstruction
Six image series were created for each patient (Figure 1) . A series of contiguous 2.5-mm-thick unenhanced 120-kVp CT images reconstructed using FBP ( Figure 1A) were generated from the unenhanced 120-kVp CT data. Next, a series of contiguous 2.5-mm-thick contrast-enhanced 120-kVp images reconstructed using FBP (120-kVp-FBP), ASIR (so-called hybrid IR) (120-kVp-ASIR), and MBIR (so-called pure IR) (120-kVp-MBIR) were generated from the enhanced singleenergy CT data with the standard kernel ( Figure 1B , C, and D, respectively). The series of contiguous 2.5-mm-thick contrastenhanced VMS images reconstructed using FBP (VMS-FBP) and ASIR (VMS-ASIR) at 70 keV were generated from the enhanced dual-energy CT data with the standard kernel ( Figure 1E and F, respectively). The choice of 70 keV was based on previous phantom and clinical studies, which showed that VMS images at approximately 70 keV yielded the lowest image noise and the highest contrast-to-noise ratio (CNR) among the 101 sets of VMS images in the range of 40 to 140 keV at 1-keV intervals 14, 17 and also showed that the CT attenuation values of the VMS images at approximately 70 keV were equal to those of the 120-kVp CT images. 14, 18, 21 We used 50% ASIR, which means that 50% of the ASIR image was blended with the FBP image, for both the 120-kVp-ASIR and VMS-ASIR images. The choice of the 50% ASIR was based on the results of previous studies. Transverse abdominal CT images obtained in a 71-year-old man weighing 61 kg with a left renal cyst: (A) unenhanced 120-kVp CT images reconstructed using filtered back projection (FBP); (B) contrast-enhanced 120-kVp images reconstructed using FBP (120-kVp-FBP images); (C) contrast-enhanced 120-kVp images reconstructed using adaptive statistical iterative reconstruction (120-kVp-ASIR images); (D) contrast-enhanced 120-kVp images reconstructed using model-based iterative reconstruction (120-kVp-MBIR image); (E) contrast-enhanced virtual monochromatic spectral (VMS) images reconstructed using FBP (VMS-FBP image); (F) contrast-enhanced VMS images reconstructed using ASIR (VMS-ASIR images).
Attenuation Increase (Postcontrast HU Increase)
Two board-certified radiologists with 8 and 23 years of experience in interpreting abdominal CT images placed, by consensus, a circular or ovoid region of interest (ROI) in each renal cyst on unenhanced 120-kVp, contrast-enhanced 120-kVp-FBP, 120-kVp-ASIR, 120-kVP-MBIR, VMS-FBP, and VMS-ASIR images, using an independent workstation (Advantage workstation 4.5; GE Healthcare). The ROIs were drawn to cover approximately one-half of the diameter of each cyst to minimize the partial volume artifact 3,4 (we also attempted to exclude the effect of the partial volume artifact on attenuation increase by using thin 2.5-mm-thick images). 9 The size, shape, and position of the ROIs were kept constant, to the extent possible, among the 6 protocols by applying the copy-and-paste function at the workstation; however, in case of misregistration between unenhanced and enhanced protocols due to differences in the depth of the breath-holds or movement of the patient during the intravenous needle insertion procedure, the positions of the ROIs were visually adjusted. Attenuation increase was expressed as the difference in the CT attenuation values of each cyst between the unenhanced 120-kVp images and contrast-enhanced 120-kVp-FBP, 120-kVp-ASIR, 120-kVP-MBIR, VMS-FBP, and VMS-ASIR images. The percentage of renal cysts showing an attenuation increase of more than 10 HU was also calculated for each image protocol, as described previously. 3, 4, 7, 10 The default abdominal window setting (window width, 400 HU; window level, 40 HU) were used for the ROI measurements.
CT Attenuation Values, Image Noises in the Bilateral Kidneys, and Cyst-to-Kidney CNR Two board-certified radiologists with 8 and 23 years of experience in interpreting abdominal CT also placed, by consensus, a circular or ovoid ROI in the bilateral kidneys (renal cortex). The CT attenuation values (HU) and objective image noise (ie., standard deviation [SD]) were measured in the contrast-enhanced 120-kVp-FBP, 120-kVp-ASIR, 120-kVP-MBIR, VMS-FBP, and VMS-ASIR images using the independent workstation (Advantage workstation 4.5). A constant size of the ROI of approximately 1.0 cm 2 was used as much as possible at all the sites. The size, shape, and position of the ROIs were kept constant among the 5 protocols by applying a copyand-paste function at the workstation. The cyst-to-kidney CNRs were calculated using the following formula 17, 18, 24, 25 :
CNR cyst-to-kidney ¼ jROI cyst À ROI kidney j=SD kidney ;
where ROI kidney and ROI cyst denote the CT attenuation values of the kidneys and renal cysts, and SD kidney denotes the image noise of the kidneys.
Statistical Analysis
A general linear mixed-effects model containing the image reconstruction protocol as a fixed effect and the patient as a random effect was used to compare the attenuation increases and the cyst-to-kidney CNRs among the images obtained using the different reconstruction protocols. The degree of freedom was approximated by the Satterthwaite method. A paired t test was used to compare the CT attenuation values and objective image noises among the images obtained using the different reconstruction protocols. The Bonferroni correction was used for all multiple comparisons. The effects of the cyst diameter and relationship to the renal parenchyma on the attenuation increase were also evaluated using a mixed-effects model (image reconstruction protocol, diameter, and relationship to the renal parenchyma as fixed effects; patient as a random effect). The significance level for all tests was 5% (2 sided). Data were analyzed using commercially available software programs (SPSS version 21, IBM SPSS, Armonk, New York; SAS version 9.1, SAS, Cary, NC).
RESULTS
Patient Characteristics
The mean height, weight, and BMI of the 31 patients were 161.5 AE 
Attenuation Increases and CT Attenuation Values of the Kidney
The attenuation increases on the VMS-FBP and VMS-ASIR images (least square mean AE standard error, 5.0 AE 1.2 and 6.0 AE 1.2 HU, respectively; 95% confidence interval, 2.6-7.4 and 3.6-8.4 HU, respectively) were significantly lower than those on the conventional 120-kVp-FBP, 120-kVp-ASIR, and 120-kVp-MBIR images (least square mean AE standard error, 12.1 AE 1.2, 12.8 AE 1.2, and 11.8 AE 1.2 HU, respectively; 95% confidence interval, 9.8-14.5, 10.4-15.1, and 9.4-14.2 HU, respectively) (all P < .001) (Figure 2) (Figure 3 ). There was no significant difference in the attenuation increase between the VMS-FBP and VMS-ASIR images, and also no significant differences in the attenuation increase among the 120-kVp-FBP, 120-kVp-ASIR, and 120-kVp-MBIR images (Figure 2 ). The percentages of renal cysts showing an attenuation increase of more than 10 HU were 43.1%, 45.1%, 45.1%, 5.9%, and 9.8% on the 120-kVp-FBP, 120-kVp-ASIR, 120-kVp-MBIR, VMS-FBP, and VMS-ASIR images, respectively. The CT attenuation values of the kidneys of both sides were significantly lower on the VMS-ASIR images than on the VMS-FBP images; however, the differences were less than 1 HU (Figure 3 ). There were no significant differences in the CT attenuation values of the kidneys of either side among the 120-kVp-FBP, 120-kVp-ASIR, and 120-kVp-MBIR images (Figure 3) .
Effects of the Cyst Diameter and Relationship to the Renal Parenchyma on the Attenuation Increase
In addition to the effect of the image reconstruction protocol, a smaller cyst diameter was associated with a significantly higher attenuation increase (P ¼ .0093), while relationship to the renal parenchyma (the proportion of the cyst perimeter surrounded by the renal parenchyma) did not have any significant effect on the attenuation increase (P ¼ .6610) ( Table 1) .
Image Noises in the Bilateral Kidneys and the Cyst-to-Kidney CNRs
The objective image noises in the bilateral kidneys on the VMS-ASIR and 120-kVp-MBIR images were significantly lower than those on the 120-kVp-FBP and 120-kVp-ASIR images (all P < 0.005), and there was no significant difference in the objective image noise in the bilateral kidneys between the VMS-ASIR and 120-kVp-MBIR images (Figure 4) .
The cyst-to-kidney CNR was the highest on the 120-kVp-MBIR images (all P < 0.005); also, the cyst-to-kidney CNR on the VMS-ASIR images was higher than the values on 120-kVp-FBP, 120-kVp-ASIR, and VMS-FBP images ( Figure 5 ).
DISCUSSION
In this prospective clinical study, we demonstrated that VMS images showed a lower degree of pseudoenhancement of renal cysts than 120-kVp images in the same patients, regardless of the reconstruction algorithm. These findings are important because they indicate the possibility of easier differentiation of renal cysts from renal tumors using VMS imaging in the clinical setting.
Renal cyst pseudoenhancement is strongly associated with the beam-hardening effect and the pseudoenhancement is believed to be a consequence of inadequate correction of beam-hardening artifacts. 3, 6, 9, 10, 19 In the fast kVp-switching dual-energy CT used in this study, coherent high-kVp and low-kVp projections are mapped into material density projections of the selected basis material pair (water and iodine). [11] [12] [13] 16, 18 With the use of these 2 basis materials, beam-hardening correction for the basis material enables accurate basis material decomposition. This means that the beam-hardening correction for the iodine data is performed using iodine and that for the water data is performed using water, while in single-energy CT, the beam-hardening effect is corrected using only 1 material. [11] [12] [13] 18 Thus, more accurate beam-hardening correction using 2 materials (water and iodine) allows for improved linearity of CT attenuation, which would . A paired t test was used to compare the CT attenuation values among the images obtained using the different reconstruction protocols. P < .005 was considered to indicate statistically significant difference with Bonferroni correction for multiple comparisons. Ã ¼ P < .005. ÃÃ ¼ P < .0001, 120-kVp-ASIR ¼ contrast-enhanced 120-kVp images reconstructed using adaptive statistical iterative reconstruction, 120-kVp-FBP ¼ contrast-enhanced 120-kVp images reconstructed using filtered back projection, 120-kVp-MBIR ¼ contrast-enhanced 120-kVp images reconstructed using model-based iterative reconstruction, VMS-ASIR ¼ contrastenhanced virtual monochromatic spectral images (at 70 keV) reconstructed using adaptive statistical iterative reconstruction, VMS-FBP ¼ contrast-enhanced virtual monochromatic spectral images (at 70 keV) reconstructed using filtered back projection, NS ¼ not significant. A general linear mixed-effects model was used to compare the attenuation increase among the images obtained using the different reconstruction protocols. P < .005 was considered to indicate statistically significant difference with Bonferroni correction for multiple comparisons. Ã ¼ P < .005. ÃÃ ¼ P < .0001, 120-kVp-ASIR ¼ contrast-enhanced 120-kVp images reconstructed using adaptive statistical iterative reconstruction, 120-kVp-FBP ¼ contrast-enhanced 120-kVp images reconstructed using filtered back projection, 120-kVp-MBIR ¼ contrastenhanced 120-kVp images reconstructed using model-based iterative reconstruction, VMS-ASIR ¼ contrast-enhanced virtual monochromatic spectral images (at 70 keV) reconstructed using adaptive statistical iterative reconstruction, VMS-FBP ¼ contrastenhanced virtual monochromatic spectral images (at 70 keV) reconstructed using filtered back projection, NS ¼ not significant.
result in a lower degree of pseudoenhancement of renal cysts on VMS images. In a previous phantom study conducted by Jung et al, the attenuation increase (pseudoenhancement) of renal cysts on VMS images at 70 keV (21.51 AE 6.18 HU) was lower than that on 120-kVp images (42.44 AE 4.03 HU), examined using a saline-filled tapering cylindrical cyst model suspended in the kidney phantoms (7 Â 7 Â 20 cm) filled with 40-and 240-HU solutions of diluted contrast material, mimicking the unenhanced phase and nephrographic phase of MDCT, respectively. 19 As compared to the finding in the previous phantom study, our clinical study revealed that the pseudoenhancement of renal cysts on VMS-FBP images was lower (least square mean AE standard error, 5.0 AE 1.2 HU) and that on 120-kVp-FBP images was also lower (least square mean AE standard error, 12.1 AE 1.2 HU). Two possible explanations are that the cylindrical cyst model used in the previous phantom study 19 was entirely surrounded by diluted contrast material (not simulating the renal hilus, renal pelvis, or the renal sinus fat) and the CT attenuation values of the kidney phantoms filled with 240-HU solutions of diluted contrast material in the previous study were higher than those of the kidneys in our clinical study (mean, approximately 180 HU), which would be expected to exert a greater beam-hardening effect and result in the higher pseudoenhancement observed in their phantom study as compared to that noted in our clinical study. Nevertheless, the trend of our clinical results of the lower degree of pseudoenhancement on the VMS images as compared to that on the 120-kVp images is consistent with the results of the previous phantom study. 19 Another previous study conducted by Mileto et al reported that pseudoenhancement (attenuation increase of more than 10 HU) never occurred on VMS images at energy levels ranging from 90 to 140 keV and that the patient body size had a significant effect on the selection of the optimal monochromatic energy level. 26 On the other hand, our results showed that in the 70-keV VMS images, more than 90% of the renal cysts showed attenuation increase of less than 10 HU, while the CT attenuation values of the kidneys were comparable to those on the 120-kVp images. One possible reason for this result is that the patients in this study, with a mean BMI of 22.1 AE 2. Our results also showed that a smaller cyst diameter was associated with significantly higher attenuation increase (pseudoenhancement), which is consistent with the results of several phantom and clinical studies reported previously. [3] [4] [5] [6] 8, 27 Furthermore, our results suggest that the image reconstruction protocol (120-kVp images or VMS images) has a stronger influence on pseudoenhancement than the cyst diameter. On the other hand, the relationship of the cyst to the renal parenchyma (location) did not have any significant effect on pseudoenhancement, which is also consistent with the results of previous clinical studies. 2, 3 However, the effect of the location of the renal cyst on the degree of pseudoenhancement remains controversial, since some previous studies have reported the existence of a correlation between the location of renal cysts and the level of pseudoenhancement. 4, 5 In this study, the CT attenuation values of the kidneys of both sides were significantly lower on the VMS-ASIR images than on the VMS-FBP images, although the differences were less than 1 HU, and we have not been able to come up with a reasonable explanation for this slight difference. Nonetheless, the differences were far less than 1% (less than 1 HU/approximatly180 HU).
MBIR (pure IR), which takes into account an accurate system model, 28 statistical noise model, 29 and a prior model, 30 provides improved image quality with much lower image noise and higher CNR as compared to FBP and ASIR. 31, 32 Our study revealed that the cyst-to-kidney CNR was the highest on 120-kVp-MBIR images, and that the objective image noises in the kidneys on 120-kVp-MBIR images were significantly lower than those on 120-kVp-FBP and 120-kVp-ASIR images, which are consistent with previous reports. 32, 33 However, we also found no significant differences of the attenuation increase among 120-kVp-FBP, 120-kVp-ASIR, and 120-kVp-MBIR images; that is, MBIR and ASIR had little effect on the degree of pseudoenhancement of renal cysts. Our results suggest that 120-kVp-ASIR ¼ contrast-enhanced 120-kVp images reconstructed using adaptive statistical iterative reconstruction, 120-kVp-FBP ¼ contrastenhanced 120-kVp images reconstructed using filtered back projection, 120-kVp-MBIR ¼ contrast-enhanced 120-kVp images reconstructed using model-based iterative reconstruction, VMS-ASIR ¼ contrast-enhanced virtual monochromatic spectral images (at 70 keV) reconstructed using adaptive statistical iterative reconstruction, VMS-FBP ¼ contrast-enhanced virtual monochromatic spectral images (at 70 keV) reconstructed using filtered back projection.
once the CT images are acquired with single-energy (polychromatic 120-kVp) x-rays, the IR technique cannot provide sufficient correction for the beam-hardening effect. Furthermore, MBIR for 120-kVp CT currently requires between 30 and 60 minutes for reconstruction of the 500 to 600 images obtained for a single patient, which would limit its application for routine CT examination. 32, 34 On the other hand, VMS-FBP and VMS-ASIR require approximately 3 and 4 minutes, respectively, for reconstruction of the 500 to 600 images obtained for a single patient. 18 In addition to accurate differentiation between renal cysts and solid masses, in terms of the reconstruction time, VMS-FBP and VMS-ASIR images would be more useful than 120-kVp-MBIR images in routine clinical practice.
Our study had several limitations. First, we included only 31 patients, and further studies in larger patient populations are required to confirm these preliminary findings. Second, at the present time, the MBIR technique cannot be applied to VMS images. We found that the cyst-to-kidney CNR on 120-kVp-MBIR images was higher than that on the VMS-ASIR images; however, future studies comparing 120-kVp-MBIR images with VMS images with MBIR would be desirable.
In conclusion, regardless of the reconstruction algorithm used, VMS images at 70 keV showed a lower degree of pseudoenhancement of renal cysts than 120-kVp images, while maintaining kidney contrast enhancement comparable to that on 120-kVp images; these findings could allow more accurate differentiation between renal cysts and solid masses.
